Introduction
The climate of Europe has been changing along similar lines to that of the globe as a whole, with warming of 0.9 °C being expe rienced over the period 1901 (Alcamo et al., 2007 . Though future changes in rainfall to be expected as a result of continued warm ing are subject to large uncertainties, mean rainfall intensity is expected to increase sig nificantly across the continent, irrespective of local changes in annual or seasonal receipt (Giorgi et al., 2004) . Of more significance for soil processes and soil hydrology is the sub stantially increased likelihood of extreme pre cipitation events.
Soils represent a short to longterm carbon storage medium. Increased tempera tures can be expected to accelerate biological decomposition activity in the upper hori zons and this will decrease carbon storage. These changes in soil organic matter also have implications for soil moisture stor age, and changes in soil moisture driven by future changes in climate are likely to have significant implications for the structure and dynamic of ecosystems, agricultural produc tion and water availability (Frederick and Major, 1997) . Therefore, soils, and conse quently soil hydrology, are likely to be highly sensitive to climate change. Soil hydrologi cal processes determine how precipitation is partitioned into infiltration, runoff, eva potranspiration and groundwater recharge. Consequently, both surface water resources and the soil moisture store react to the changes in temperature and precipitation.
Precipitation and runoff are direct driving forces of soil erosion and sediment transport. Variation of precipitation will most likely lead to changes in surface runoff, soil erosion and sediment dynamics. In addition to the direct effect on soil arising from higher temperature and greater variability in rainfall, the effect from climateinduced increases or decreases of vegetative cover, alteration in landuse practices and wateruse efficiency can also have a signifi cant impact on soil. Increasing air temperatures also affect soil erosion indirectly by changing: (i) growing days for crop maturity, (ii) micro bial activity levels, and (iii) crop management practices. FavisMortlock and Boardman (1995) suggest that a 7% increase in precipita tion could lead to a 26% increase in erosion in the UK. Similarly, Pruski and Nearing (2002) Kosmas et al. (1997) studied the effect of land use and precipitation on annual runoff and sediment loss at eight different sites along the northern Mediterranean region and the Atlantic coast line located in Portugal, Spain, France, Italy and Greece. They found that land use can greatly affect runoff and soil erosion in this region. Several studies have been conducted on the effects of climate change on soil erosion using computer simulation models such as the Universal Soil Loss Equation (USLE), SWAT (Soil and Water Assessment Tool) (Neitsch et al., 2002) , WEPP (Water Erosion Prediction Project) (Flanagan and Livingston, 1995) , EUROSEM (European Soil Erosion Model) (Morgan et al., 1998) , KINEROS2 (Kinematic Runoff and Erosion Model) (Smith et al., 1995) and LISEM (Limburg Soil Erosion Model) (De Roo et al., 1996) . These models have the potential to respond explicitly and rationally to changes in climate or land use, and have a potential for developing scenarios of change, thus helping in the assessment of policy or economic options. Improved understanding of how cli mate change could influence soil hydrology has also been an important research topic. Hydrological simulation models are often used together with climate scenarios gener ated from Global Climate Models (GCMs) to evaluate the impacts of potential climate change on water resources and soil hydro logical process. This approach is subject to a range of uncertainties associated with future emissions of greenhouse gases, the response of the climate system to these changes at glo bal and local scales, and uncertainties asso ciated with the impact models themselves. These uncertainties then cascade through the climate change impact assessment meth odology, resulting in potentially large uncer tainties being associated with critical future impacts at the local scale where key decisions are required in order to increase the resilience of water supply management and infrastruc ture to future changes. In an attempt to quan tify major sources of uncertainties associated with climate change impact assessment, New and Hulme (2000) presented an approach to quantifying the uncertainties associated with the estimation of future greenhouse gas emis sions, the climate sensitivity, and limitations and unpredictability in GCMs. Most early studies utilized a single hydrological model and ignored the modelling uncertainties associated with the structure of such models. Because hydrological models are inherently imperfect because they abstract and simplify real patterns and processes that are them selves imperfectly known and understood, and experiences with the calibration of hydro logical models suggest that their parameters are inherently uncertain, it is essential to address them in the context of climate change assessments.
Although climate change will certainly affect soil hydrology, impacts will not be dis tributed uniformly over the globe. Therefore, this chapter aims at reviewing recent research developments in climate change and its con sequence for soils, soil moisture and soil erosion from a European perspective and, additionally, aims at highlighting the impor tance of uncertainty characterization in the response of models at the river basin scale through a case study of Irish catchments.
Materials and Methods
A PanEuropean Soil Erosion Risk Assessment model (PESERA) has been employed to model soil erosion in a changing climate at a European scale (Kirkby et al., 2004) . PESERA is a physically based and spatially distributed model developed for quantifying soil ero sion in environmentally sensitive areas at a regional or European scale, and to assist with defining soil conservation strategies. It esti mates erosion rates in individual storms using a sediment transport equation that has explicit terms for topography, overland flow and soil erodibility. Other soil characteristics and soil/ land cover are implicitly incorporated as a soil runoff threshold. The model's robustness and flexibility has been demonstrated through its performance at different resolutions and across different agroecological zones. In order to simplify the spatial scale, two subregions of Europe, namely the northern region and the Mediterranean region were used to provide an insight into future erosion risks.
Hydrological simulation models are used together with climate change scenarios gener ated from GCMs to evaluate the impacts of potential climate change on water resources and soil hydrological processes. This approach is subject to a range of uncertainties. Therefore, to account for different sources of uncertain ties in the hydrological impacts of climate change, a multimodel approach that com bines multiple emission scenarios, multiple GCMs and multiple conceptual rainfall run off models was implemented through the application of the methodology to selected Irish catchments. The six available regional climate scenarios derived from three GCM and two SRES (Special Report on Emissions Scenarios, prepared by the Intergovernmental Panel on Climate Change (IPCC) for the Third Assessment Report (TAR) in 2001) green house gas emissions scenarios, namely A2 and B2, and downscaled for Ireland by Fealy and Sweeney (2007) , were used to character ize future climate evolutions. The GCMs con sidered included: HadCM3; CGCM2, from the Canadian Centre for Climate Modelling and Analysis (CCCMA, Canada) and CSIROMk2 from the Commonwealth Science and Indus trial Research Organisation (CSIRO, Australia). The A2 and B2 scenarios represent future emis sions levels that could be considered 'medium high' (A2 emission) and 'mediumlow' (B2 emission). From among the large number of models that can be used for the purpose of mod elling flow in catchments, four rainfall runoff models were selected: HyMOD (a conceptual hydrological model; see Wagener et al., 2001 , for details), NAM (NedborAfstromningsModelprecipitationrunoff model; see Madsen, 2000 , for detailed information), Tank (Sugawara, 1995) and TOPMODEL (Beven et al., 1995) . Each of these models varies in the way they concep tualize the key hydrological processes and in complexity, primarily related to the number of parameters requiring calibration. Among the four selected models, NAM and Tank describe the behaviour of each component of the hydro logical cycle at the catchment level by using a group of conceptual elements. Conversely, TOPMODEL and HyMOD are both variable contributing area models. In TOPMODEL, the spatial variability is taken into account through indices derived from topography, whereas, in HyMOD, the model spatial vari ability within basin is modelled using a prob ability distribution function. All four models employ a single linear reservoir to model groundwater. 
Results and Discussion

Climate change scenarios for Europe
As already stated, the climate of Europe has been changing along similar lines to that of the globe as a whole. Unlike North America, Europe is exposed much more to the ingress of maritime air masses and its climate trends are therefore strongly influenced by sea surface temperature (SST) trends in the North Atlantic. Ting et al. (2009) have attributed recent trends in Atlantic SSTs to a combination of anthropo genic and natural influences which sometimes combine to amplify or mitigate climate trends in the region. A pronounced warming in SSTs and also in air temperatures has occurred especially since the 1990s, which were the warmest decade in the long instrumental records available from Europe. Not surpris ingly, given the dominant maritime influence, European winters have tended to warm to a greater extent than summers. Precipitation changes have shown a marked geographical variation with an increase of 10-40% being observed in northern Europe and a decrease of up to 20% being observed in the southern parts of the continent (Alcamo et al., 2007) . Indications that mean rainfall intensity is increasing are also widely apparent across the continent (Alexander et al., 2006) .
A continuation of many of these trends is projected from contemporary modelling exercises. Warming is expected to be greatest in winter in the northern and eastern parts of Europe, while more continental parts are expected to show greatest warming during the summer. A major temperature increase of the order of 6 °C in summer temperatures is projected for the Iberian Peninsula and southern France (Good et al., 2006) . Indeed, the intensity and frequency of summer heat waves are likely to increase across the conti nent; one such major event occurring in 2003 has been linked to over 35,000 excess deaths (Johnson et al., 2005) . Models also project a continuation of recent trends in precipitation, with mean annual precipitation projected to increase in the north and decrease in the south (Alcamo et al., 2007) . In winter, this is driven by increased cyclonic activity as more vigorous depressions from a warmer Atlantic bring mar itime conditions further north and east than at present. In summer, the blocking effect of the extension of the Azores anticyclone deflects disturbances towards the Barents Sea, produc ing a widespread reduction in precipitation. Projections of wind speed changes are less confident and often highly influenced by the choice of models used (Räisänen et al., 2004) .
Mean rainfall intensity is expected to increase significantly across the continent, irre spective of local changes in annual or seasonal receipt (Giorgi et al., 2004) . Of more significance for soil processes and soil hydrology is the sub stantially increased likelihood of extreme pre cipitation events. Though these are most likely to occur in winter, enhanced convective activ ity during summer is also likely to produce shortduration highintensity downpours with a substantially increased frequency. Increased summer heatwaves and drought frequency will also have important ramifications for soil processes as the century proceeds.
Climate change and soils
The sensitivity of soil hydrology to tempera ture is not straightforward. Kirschbaum (1995) suggested that a 1 °C increase in temperature could ultimately lead to a loss of over 10% of soil organic carbon in middletohigh latitude locations, whereas the same temperature increase would lead to a loss of only 3% of soil organic carbon in the tropics. Much of north ern Europe falls into the former category, sug gesting that the north European soil organic carbon reservoir, particularly in peatland soils, may decrease significantly with global warming.
Changes in soil organic matter also have implications for soil moisture storage because soil organic matter can absorb up to 20 times its weight in water. However, an increased incidence of hot and dry summers and mild and wet winters will also have implications for soil moisture and erosion vulnerability. As well as being a major influence on soil pro cesses, soil moisture is an important regula tor of surface water flows. Finetextured soils such as clays and peats can retain large vol umes of water and can contribute to increased flood risk in high precipitation events if they are already close to field capacity. Projected increases both in precipitation intensity and in winter rainfall for upland areas of north ern and northwestern Europe relate to many areas with blanket bog, or to other wet soils such as gleys or peaty podzols derived from glacial deposits. These soils with poor infil tration thus render areas at lower levels more vulnerable to increased flooding. In contrast, coarser soils, derived from fluvioglacial deposits, especially in central and eastern Europe, facilitate infiltration and groundwa ter recharge better and can therefore mitigate the impact of both flood and drought events.
A further consideration of the relation ship between climate change and soil centres on the fact that approximately half of Europe's soil carbon stocks of about 75 Gt are located in Scandinavia, the UK and Ireland, with the single biggest contributor to the total being peatlands. When such soils are drained, they release 20-40 t of CO 2 per annum per hectare. The first priority, therefore, in terms of using soils to combat climate change is to preserve as much as possible of existing peatlands and organic soils. The susceptibility of such soils to drying out and, in the case of peat lands, to cracking and disintegrating, poses a risk that such areas in Europe may become carbon sources rather than sinks as warming proceeds. In the case of the Irish peatlands, uncertainty exists as to whether disturbance has already rendered them sources rather than sinks (Ward et al., 2007) . Grassland and forest soils are also probably delivering net seques tration of carbon, with cultivated soils per forming a similar role to a lesser extent. Land use and landuse change adversely affect soil carbon stocks, particularly when conversion to arable uses occurs.
Soil moisture in a changing climate
Changes in soil moisture driven by future changes in climate are likely to have sig nificant implications for the structure and dynamics of ecosystems, agricultural produc tion and water availability. In relation to eco system functioning and agriculture, a large number of studies have demonstrated the importance of soil moisture deficits as a key indicator of stress for vegetation and shown that a detailed knowledge of climateinduced changes in soil moisture patterns is critical in understanding the magnitude and spatial distribution of future changes in vegetation and crop yield (e.g. Porporato et al., 2001) . In terms of water resources, soil moisture is a key component of the hydrological cycle, con trolling the partitioning of rainfall between runoff, evapotranspiration and deep infil tration (Daly and Porporato, 2005) , thereby determining the water yield of a catchment. Various feedbacks exist between soil moisture and the biological and hydrological cycles. For example vegetation can influence the soil water regime by offsetting drier conditions through decreased transpiration (Etchevers et al., 2002; Seneviratne et al., 2002) .
In contrast, dry soils can also cause a nega tive feedback by amplifying the impact and duration of heatwaves and prolonging the effects of drought (Nicholson, 2000) . Brabson et al. (2005) using output from the HadCM3 global climate model showed that longer spells of extreme temperature are seen to arise both from the statistical increase in the frequency of extremes and from the extended periods of low soil moisture. Additionally, Fischer et al. (2007) showed that a lack of soil moisture during the recordbreaking European heatwave of summer 2003 was considerably amplified by reduc tions in soil moisture beginning in spring. The authors highlighted that a lack of soil moisture strongly reduced latent heat cooling, thereby amplifying surface temperature anomalies. Simulations conducted by Fischer et al. (2007) indicated that, without negative soil moisture anomalies, the summer heat anomalies could have been reduced by around 40% in some regions.
It is obvious then that there is a need to understand how soil moisture is likely to respond to climate change. In meeting this need, the dominant approach to assessing climate change impacts is to use the output from global climate models to assess future changes in soil moisture content. This has not been an easy task to date, and future projec tions of soil moisture have been considered only by a few studies, not least because of a lack of observations, large ranges in the natu ral variability of soil moisture conditions and the complexity involved in assessing the tem poral and spatial impacts for this variable. Jasper et al. (2006) highlighted that the impact of climate change on soil moisture depends on the interplay of highly complex and non linear processes such as infiltration, drainage, capillary rise, evapotranspiration and lateral subsurface flows, with each of these processes being influenced by local area characteristics such as soil type and texture, vegetation char acteristics and slope. Therefore, even with a uni form change in temperature and precipitation, changes in soil moisture due to climate change are likely to show a high degree of spatial vari ability and significant levels of uncertainty.
Of the limited number of studies that have been conducted, the general findings to date indicate a likely increase in the moisture content of soils in winter and a substantial decrease in summer, particularly in south ern Europe. In globalscale studies, a number of authors have used output from GCMs directly to simulate changes in soil mois ture. Gerten et al. (2007) explored the effects of atmospheric CO 2 enrichment and climate change on soil moisture using a dynamic global vegetation and water balance model forced by five different scenarios of change in tempera ture, precipitation, radiation and atmospheric CO 2 concentrations. Outputs from this large scale assessment projected a decline in soil moisture for many regions for the period 2071-2100 compared with , with ecosystems in northern temperate latitudes at greatest risk. At the European scale, Gregory et al. (1997) reported that soil moisture in summer is likely to decrease by 10-30% in southern Europe, driven predominantly by reductions in precipitation and changes in evaporative demands. Following a process investigation, these authors suggested that drying of the soil during summertime is derived from an increase in evaporation in winter and spring due to higher temperatures and reduced snow cover, and a decrease in the net input of rainfall in summer. Reductions in soil moisture are suggested to be sufficiently large to produce a limiting effect on evapo ration losses during the summer months in southern Europe.
The majority of GCMbased studies rely on very simple representations of the land surface processes involved in determining soil moisture levels (Seneviratne et al., 2002) . In addition, Srinivasan et al. (2000) empha sized that, while the general trend is towards drier soil conditions with projected climate change, uncertainties are large. Many GCMs currently show poor skill at reproducing the observed seasonality in rainfall at regional scales, with obvious implications for their robustness in modelling soil moisture con ditions. Unrealistic summer drying is sug gested by several models. Recent efforts have focused on estimating future soil moisture conditions by employing downscaled out put from GCMs to run more detailed models at scales more appropriate to understand ing the complex response of soil moisture conditions. Naden and Watts (2001) found that cli mate change could generally lead to decreased soil water content in the UK, with very marked decreases in the south of the country, in line with simulated changes in runoff. At the landscape scale, using a single vegetation type (grassland) and a limited number of soil types, the authors found that soil type is criti cal in determining future changes in moisture content, with the drying effect greatest for clay soils, while sandy soils were found to be least prone to severe reductions. However, climate change scenarios within this study are based on current values of stomatal resist ance and leaf area index for grassland, and do not account for species response to enhanced carbon dioxide levels. Etchevers et al. (2002) estimated the impacts of climate change on the hydrological budget of the Rhone catchment in Europe and found strong contrasts in the hydrological response of the catchment under future cli mate scenarios. When considering soil water content, northern parts of the catchment remained quite wet, whereas in the southern part of the catchment enhanced drying of soils was suggested, consistent with the find ings of larger scale work discussed above. In Germany, Holsten et al. (2009) Regionally downscaled climate scenarios, representing the range between wetter and drier realizations, were used to evaluate the future evolution of moisture conditions and available soil water. Results indicated a con tinuation of present drying trends with further decreases in average soil water ranging from −4% to −15% up to the middle of the current century. A high level of risk for wetlands was also identified (Holsten et al., 2009) .
In terms of wetlands, blanket peatlands are important and rare natural ecosystems throughout Europe, with many being located in SACs. Evans et al. (1999) used analogue conditions of the dry summer of 1995 to assess hydrological changes in peat hydrol ogy for an area of upland blanket bog in the UK. Hulme (1997) suggested that extreme summers like that experienced in the UK in 1995 and the associated soil moisture deficits would be increasingly common by the mid century. Reductions in summer rainfall and increases in evaporation will significantly affect the timing and quality of runoff from upland blanket peat, with the potential to trigger phases of peat erosion and alter the carbon flux from the peatland system (Evans et al., 1999) .
In perhaps the most detailed assess ments to date, Jasper et al. (2006) examined future changes in summertime soil water patterns by considering climate change pro jections, soil and terrain characteristics, and slope and groundwater depth in the deter mination of future soil water evolution in the Thur river basin in Switzerland. The results of this work suggest that a warmer future cli mate with less precipitation in summer may significantly lower soil water content, lead ing to an increase in the frequency of water stress conditions. Critically, the increased level of detail incorporated into the model ling process suggests that the magnitude of future changes is closely related to land use, soil textural characteristics and slope. In rela tive terms, reductions in soil water were larg est for soils in sloping areas with low water storage capacity, and also larger for forested areas than for cropland and grassland (Jasper et al., 2006) . In volumetric terms, the larg est reductions were likely for flat areas with good water supply, mostly dominated by cropland. The role of groundwater was found to be important in these areas, particularly where the rooting zone of vegetation is con nected to groundwater, and capillary rise can counteract soil water depletion. This offset ting effect is lost under drying conditions in the future through the disconnection of the rooting zone with groundwater. In steeper areas, where groundwater is not a factor, the driving processes determining soil moisture changes were found to be decreased precipita tion and increased evapotranspiration. A key conclusion from Jasper et al. (2006) was that the degree of soil water depletion varies with climate scenario, land use, soil texture and topographic conditions, and that in order to fully understand future changes in soil mois ture due to climate change reliable precipita tion scenarios are required, along with the full representation of biophysical processes that control evapotranspiration, including vertical and lateral subsurface flows.
It is clear that soil hydrological responses to climate change are multifaceted and cru cially important determinants of environ mental productivity and stability in many parts of Europe, as well as important deter minants of the pace of future climate change itself. Two key aspects will now be dealt with in greater detail. First, desiccated soils can be expected to be particularly vulnerable to wind and water erosion and this risk has been recognized as potentially severe, espe cially in southern Europe (Grimm et al., 2002) . Secondly, it is clear that better understanding of soil hydrology is an essential component for reducing uncertainty in modelling water resource changes and management.
Soil erosion in Europe in a changing climate
Erosion is a widespread form of soil degrada tion globally and poses severe limitations to sustainable agricultural land use as it reduces productivity of agricultural soils by removing the most fertile topsoil, where soils are shal low (Stone et al., 1985; Verity and Anderson, 1990; Bakker et al., 2005) . Furthermore, severe erosion is commonly associated with the development of temporary or permanently eroded channels or gullies that can fragment farmland and cause deposition of sediments and accumulation of agrochemicals in water bodies (Steegen et al., 2001 ). The soil removed by runoff from the land during a large storm accumulates below the eroded areas, in severe cases blocking roadways or drainage channels and inundating buildings. Erosion rates are very sensitive to both climate and land use, as well as to existing conservation practices at the field or farm level. Based on work of Valentin (1998) and Nearing et al. (2004) , global change is expected to exacerbate erosion problems through changes in rainfall conditions and land use. Therefore, it is very important to be able to assess the state of soil erosion at a European level using an objective methodol ogy that allows the assessment to be repeat able as conditions change, and also to explore the broadscale implications of prospective glo bal environmental changes. Erosion by running water has been identified as the most severe hazard threatening the protection of soil in Europe. The revised Common Agricultural Policy (CAP) of the European Union (EU) set aside programme is having a positive effects on the soil erosion risk (Van Rompaey et al., 2001 ).
However, in order to study any risk under cur rent and future climatic conditions, a correct assessment of erosion risk at local, national and European scales using an objective, spatially explicit methodology is important . Soil erosion indicators developed from a physically based model have the potential not only to provide information on the state of soil erosion at any given time, but also to assist in understanding the links between different fac tors causing erosion. This not only provides a basis for estimating the overall costs attribut able to erosion under present and future con ditions, but, equally, helps in identifying areas that could be severely affected and potential remedial actions that might be undertaken.
Modelling European soil erosion in a changing climate
USLE has been the most widely applied model in Europe (e.g. Van der Knijff et al., 2000 . This is now considered to be conceptually flawed, and other models are emerging. These are based on runoff thresholds (e.g. Kirkby et al., 2000) or the MIR (Minimum Information Requirement) approach (Brazier et al., 2001) applied to the more complex USDA WEPP model (Nearing et al., 1989) . A large number of physical processbased erosion models have also been developed over recent decades, such as SWAT, WEPP, EUROSEM, KINEROS2 and LISEM. Moreover, these models have the potential to respond explicitly and rationally to changes in climate or land use, and have a potential for developing scenarios of change, and thus helping in the assessment of policy or economic options. One shortcoming is the spatial application of these relatively complex models to large areas (i.e. > 100 km 2 ). The qual ity of the necessary input data is also frequently not sufficient.
PESERA was developed specifically to be applied to larger areas using the description of physical processes controlling sheet and rill erosion as a basis, in order to allow appli cation using data available at the European scale. Cautiously, soil erosion and sediment transport estimated in PESERA represent only the dominant sheet and rill erosion processes (Kirkby et al., 2004) important for agricul ture. The PESERA model combines the effect of topography, climate and soil into a single integrated forecast of runoff and soil erosion (Fig. 16.1 ) that the USLE and RUSLE (Revised USLE) lack.
The PESERA model has been calibrated and validated at high and low resolutions (e.g. Gobin et al., 2003) . The 1 km 2 grid PESERA map (Plate 18) was validated through a visual, numerical and category comparison between measured and observed erosion rates . Although these results are prom ising, they are not sufficient to justify the application of the model at the European scale as a prediction and scenario analysis tool. Generally, parameters have been opti mized for a local situation only and with a specific temporal resolution. According to the European Environment Agency (Turner et al., 2001) , there are three broad zones in Europe where soil erosion occurs: a southern (Mediterranean zone), a northern loess zone and an eastern zone. In the southern zone, severe soil erosion occurs because of intense seasonal rainfall. This is often associated with overgrazing, deforestation and a move away from traditional crops. Erosion in this zone may be long established. Many areas undergo ing active tectonic uplift, such as parts of Spain, have a much higher rate of erosion than in the southern (Mediterranean) zone. The princi pal impact is that onsite soil productivity decreases as a result of thinning. The northern zone has moderate rates of water erosion. This mostly results from less intense rainfall falling on saturated, easily erodible soils. Impacts here are mainly off site, as the agricultural chemicals from the north's more intensive farming systems are moved into water bodies along with eroded sediments. Partially over lapping these two zones is the eastern zone, where former large statecontrolled farms produced considerable erosion problems. For scenarios of alternative erosion futures, PESERA was run in conjunction with regional climate models (RCMs) and economic fore casts. The Hadley Centre's regional climate change prediction model (HadRM3) was used to drive the PESERA 1 km 2 grid model. Although the interrelations between climate change and changes in soil quality are complex and not fully understood (EEA, 2000) , it is obvious that changes in climate will have significant impacts on the occurrence of erosion.
In order to simplify the spatial scale, two subregions were used to provide an insight into the future erosion risks. The first covers Belgium and parts of the southern UK, north ern France, Germany, the Netherlands and Luxembourg, where there are good baseline data. The second, the Mediterranean region, covers the southern part of Spain and Portugal, which is considered to be particularly prone to erosion. This is because of long dry periods followed by heavy bursts of intense rainfall, falling on steep slopes with fragile soils and low vegetation cover . For the first region, the predicted soil erosion for the period 2071-2080 shows that the spread of erosion estimates is highest in late autumn and winter (October-February). The enhanced difference in erosion risk between summer and winter follows the pattern of the expected change in rainfall, with an increase in autumn and winter, and a clear decrease in the summer months. For the Mediterranean, the projected increase in winter rains in the HadRM3A2B (A2B is one of the A2 scenarios) scenario for 2071-2080 does not lead to an increase in pre dicted erosion. On the contrary, erosion rates decline spectacularly. Only summer (JulyAugust) shows increases in erosion rates due to a change of erosion pattern, or more an increase in the area for which erosion (risk) is predicted. Almost all Mediterranean environ ments are dominated by overland flow in the summer, but in wetter environments there are substantial subsurface flow and groundwa ter recharge in winter (up to 75% of the total rainfall). Drier environments are dominated by overland flow almost yearround (Gobin et al., 2000) . Given the spatial complexity of the model, erosion risk assessment at a local scale becomes problematic even under future climatic scenarios. Still, the overall picture at national or regional level does relate strongly to the land use. Experiments in the UK have shown that land use has a much more pro nounced effect on erosion potential than cli mate change. However, soil vulnerability information, such as that provided by the PESARA study, is fundamental for determining appropriate landuse policies and responses to climate change (Hulme et al., 1999) .
Modelling the impacts of climate change on soil hydrology: addressing uncertainty
Soil hydrological processes determine how precipitation is partitioned into infiltration, runoff, evapotranspiration and groundwater recharge. Both surface water resources and the soil moisture store react to changes in temper ature and precipitation. Hydrological models can be used to model these changes in both water stores. Conceptual hydrological models use relatively simple mathematical equations to conceptualize and aggregate the com plex, spatially distributed and highly inter related water, energy and vegetation processes in a watershed. Owing to the randomness in nature and the lack of complete knowledge of the hydrological system, uncertainty is an una voidable element in any hydrological model ling study (Beven, 2000) . In climate change impact studies, conceptual hydrological mod els forced with regional climate change sce narios analysed from GCMs are widely used, although this approach is subject to a range of uncertainties associated with output from both the climate models and the impact models. A wide range of GCMs developed by various climate centres is available for simu lating the earth's climate. These climate mod els differ in the way they simplify the climate system and aggregate the process in a space and time domain. Therefore the projections of water resources are likely to vary depending upon the choice of GCMs (e.g. Prudhomme et al., 2003) . Secondly, there exist large sources of uncertainty intrinsic to climate models. These can be classified as: initial conditions, boundary conditions, parameterizations and model structure. The uncertainty in climate projection arising from initial conditions is often neglected for results that are averaged over decades. The third source of uncertainty is mostly related to the computational aspects of modelling and to poor understanding of some of the important components of the cli mate system, and can be referred to as param eter and structural uncertainty. Tebaldi and Knutti (2007) argued that the quantification of all aspects of model uncertainty requires multimodel ensembles. Giorgi and Mearns (2002) introduced the Reliability Ensemble Averaging (REA) method for calculating the uncertainty range from ensembles of different atmosphereocean general circulation models. Similarly, Tebaldi et al. (2005) extended the REA method and proposed a Bayesian statis tical model that combines information from a multimodal ensemble of atmosphereocean GCMs and observations to determine prob ability distributions of future temperature change on a regional scale. These assessments have been greatly facilitated by the Coupled Model Intercomparison Project phase 3 (CMIP3) climate model output archive. Several studies used the output archived in Coupled Model intercomparison projects to account for uncertainty in the GCM, and sev eral others used the output from perturbed physics ensembles to evaluate the uncertain ties arising from GCM model formulation (e.g. Murphy et al., 2007) . Furthermore, while output from GCMs reproduces the global and continentalscale climate fairly well, GCMs are inadequate in impact studies owing to the differences in the spatial scales of GCMs and those needed for impact studies (Wilby and Wigley, 1997) . This limitation has been widely addressed through downscaling. Methods of downscaling differ in the way that they reproduce various statistical characteristics of observed data in its downscaled results (Wilby and Wigley, 1997; Khan and Iqbal, 2009 ). New and Hulme (2000) presented an approach to quantifying uncertainties associated with the estimation of future greenhouse gas emissions, the climate sensitivity, and limitations and unpredictability in GCMs.
As with GCMs, uncertainty occurs in hydrological models from a variety of sources. These include: data uncertainty, parameter uncertainty, model structural uncertainty and state uncertainty. An extensive review of the causes of uncertainty in hydrological models and of various methods for assess ing the uncertainty can be found in Melching (1995) . Among various methods for assess ing the uncertainty of hydrological models, the Generalized Likelihood Uncertainty Estimation (GLUE) method has been exten sively used (e.g. Freer et al., 1996) . Though the uncertainties that result from depend ence on a single conceptualmathematical model are typically much larger than those introduced through an inadequate choice of model parameter values, most hydrological uncertainty analyses ignore the former and focus exclusively on the latter. A review of the range of strategies for assessing structural uncertainties in environmental modelling are available in Refsgaard et al. (2006) . These strategies can be broadly grouped into two, depending upon whether or not target data are available. In the application of hydrologi cal models in climate change impact assess ment, the structure of the hydrological model cannot be assessed directly using observation. Therefore the main strategy to account for modelling uncertainties is to do the extrapo lation with multiple conceptual models. This approach has been used by Butts et al. (2002) .
Though many impact studies have intro duced methods to account for uncertain ties associated with the estimation of future greenhouse gas emissions, climate sensitiv ity, and limitations and unpredictability in GCMs (e.g. New and Hulme, 2000) , very few have looked at the uncertainties related to hydrological models. The use of hydrological response to the climatic scenarios resulting from the use of different hydrological models with different climate models will also allow more knowledge concerning the vital role of soil hydrological processes to be obtained.
Accounting for modelling uncertainties:
a case study using basins located in Ireland
As already outlined in the Material and Methods section, the impact of climate change on water resources at the catchment scale was investigated using four Irish catchments: Blackwater at Ballyduff (2302 km 2 ), Suck at Bellagill (1219 km 2 ), Moy at Rahans (1803 km 2 ) and Boyne at Slane (2452 km 2 ). These four catchments were selected so that they rep resent the diverse hydrological responses of different catchments located throughout Ireland. Four hydrological models (HyMOD, NAM, TOPMODEL and Tank) were used with six sets of statistically downscaled climate scenarios (temperature and precipitation) derived from three GCMs (HadCM3, CCCMA and CSIROMk2) and two emission scenarios (A2 and B2) (Fealy and Sweeney, 2007) .
In order to examine the role of model uncertainty (parameter and structural uncer tainty) in climate change impact studies and include a full consideration of impact model uncertainty, the GLUE method was used. The sets of behavioural predictions from different models were ranked and likelihood weighted to characterize the parameter as well as structural uncertainty propagated through hydrological models. The informal likelihood measure assumed is the Nash-Sutcliffe effi ciency measure, widely used as a perform ance measure in hydrological modelling. To construct the total uncertainty, envelope inputs from the six climate change scenarios were used together with four hydrologi cal models, each with a number of plausible model parameter sets. Predictions from the three GCMs were weighted based on the abil ity of the individual GCM to reproduce the properties of the observations.
The results show that the average width of the prediction interval arising from uncer tainties associated with parameterization of hydrological modelling is nearly 40% of the average flow, increasing to nearly 70% of the average flow when different model structures are included. This indicates that the uncertainty arising from the uncertainty in the structure of hydrological model can have significant impact on the reliability of the future projec tion of water resources at catchment scale. Plate 19 illustrates the hydrological response (streamflow) simulated by the behavioural set of model parameters of four different hydro logical models of the River Boyne catchment to HadCM3 forced with the A2 scenario. Plate 20 shows a seasonal prediction interval for the control (observed) period ) and the future period (2020-2079). These were constructed based on the behavioural predic tions obtained from the entire suite of models, which were ranked and likelihood weighted to produce upper 95%, lower 5% and median 50% quantiles of the simulation results. The overall uncertainty envelope increased to nearly 40% of the average streamflow for the three periods simulated, namely the 2020s, 2050s and 2070s. Similarly, Plate 21 shows the observed seasonal streamflow for the period 1970-1990 and the median seasonal stream flow estimated for the future period. There is a progressive increase of winter discharge when moving from the 2020s to the 2070s, and a progressive decrease in summer dis charge from the 2020s to the 2070s. The case study shows that the role of hydrological model uncertainty is remarkably high and therefore it should be routinely considered in impact studies.
Summary and Conclusions
Detailed understanding of soil hydrology is needed for future protection of soils in Europe. For much of the continent, the EU Water Framework Directive will indirectly act as a vehicle to facilitate this by providing a regulatory influence on land use, together with an 'asyettobe agreed' Soils Directive. However, it is clear that soil hydrological responses to climate change are multifaceted and crucially important determinants of envi ronmental productivity and stability in many parts of Europe, as well as important deter minants of the pace of future climate change itself. Therefore, they should be considered explicitly in longterm integrated river basin management. Changes in soil moisture due to climate change are likely to show a high degree of spatial variability and significant levels of uncertainty. To date, studies have indicated an increase in the moisture content of soils in winter and a substantial decrease in summer, particularly in southern Europe. Furthermore, the soil erosion modelled at national or regional levels relates strongly to the land use, indicating that erosion problems are also expected to be exacerbated through changes in land use.
Improving our understanding of how climate change could influence soil hydrol ogy has been mostly hindered by scores of uncertainties. Many impact studies have introduced methods to account for uncer tainties associated with the estimation of future greenhouse gas emissions, climate sensitivity, and limitations and unpredict ability in GCMs; very few have looked at the uncertainties related to hydrological models. Hydrological modelling exhibits considerable uncertainties in both param eterization and structural characteristics. This has been addressed here by using a multimodel app roach that combines multiple emission scenarios, GCMs and conceptual rainfall runoff models, and dem onstrated through the modelling of four Irish catchments. The results indicate that the uncertainty arising from the uncertainty in the structure of hydrological models can have a significant impact on the reliability of the future projection of water resources at catchment scale.
Roughly 90% of the land in Ireland is under one or other varying forms of land use for agricultural production. The impacts of climate change on soil hydrological processes have a direct relevance in terms of biomass production and nutrient management as the agroecosystems are predominantly rain fed. The preparedness of agriculture to adopt irrigation regimes is entirely dependent on the water balance of the respective river basins. Hence, projecting the demands of water availability through hydrological modelling is a valuable tool for sustainable water management. Changing landuse pat terns in Ireland will reflect water availability rather than temperatures, as this seems to be the most limiting factor during the crop growth period.
It may be concluded that climate change will have significant impacts on soil hydro logical processes throughout Europe. While temperature increases will decrease carbon storage and reduce soil organic matter, with consequent implications for soil moisture storage, it is likely to be the projected pre cipitation changes that will have most impact. Soil moisture responses will be cru cially important for regulating surface and groundwater resources, and ultimately for influencing agricultural potential. Soil ero sion is likely to become a problem in southern Europe as a result of intense convective down pours in summer occurring after prolonged dry periods.
The majority of GCMbased studies rely on very simple representations of the land surface processes involved in determining soil moisture levels. Many GCMs currently show poor skill at reproducing the observed seasonality in rainfall at regional scales, with obvious implications for their robustness in modelling soil moisture conditions. Future efforts are required to focus on estimating future soil moisture conditions by employ ing downscaled output from GCMs to run more detailed models at scales more appropri ate to understanding the complex response of soil moisture conditions. Furthermore, hydrological modelling still exhibits consid erable uncertainties in both parameteriza tion and structural characteristics. These are further compounded by intrinsic uncertain ties in the driving climate models, and this requires recognition in impact studies as well as further research designed to mini mize them.
